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Abstract During the onset of caldera cluster volcan-
ism at a new location in the Snake River Plain (SRP),
there is an increase in basalt fluxing into the crust and
diverse silicic volcanic products are generated. The SRP
contains abundant and compositionally diverse hot,
dry, and often low-3'30 silicic volcanic rocks produced
through time during the formation of individual caldera
clusters, but more H,O-rich eruptive products are rare.
We report analyses of quartz-hosted melt inclusions
from pumice clasts from the upper and lower Arbon
Valley Tuff (AVT) to gain insight into the initiation of
caldera cluster volcanism. The AVT, a voluminous, cal-
dera-forming rhyolite, represents the commencement of
volcanism (10.44 Ma) at the Picabo volcanic field of the
Yellowstone hotspot track. This is a normal 3'%0 rhyo-
lite consisting of early and late erupted members (lower
and upper AVT, respectively) with extremely radiogenic
Sr isotopes and unradiogenic Nd isotopes, requiring that
~50 % of the mass of these elements is derived from
melts of Archean upper crust. Our data reveal distinctive
features of the early erupted lower AVT melt including:
variable F concentrations up to 1.4 wt%, homogenous
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and low Cl concentrations (~0.08 wt%), H,O contents
ranging from 2.3 to 6.4 wt%, CO, contents ranging from
79 to 410 ppm, and enrichment of incompatible elements
compared to the late erupted AVT, subsequent Picabo
rhyolites, SRP rhyolites, and melt inclusions from other
metaluminous rhyolites (e.g., Bishop Tuff, Mesa Falls
Tuff). We couple melt inclusion data with Ti measure-
ments and cathodoluminescence (CL) imaging of the
host quartz phenocrysts to elucidate the petrogenetic
evolution of the AVT rhyolitic magma. We observe com-
plex and multistage CL zoning patterns, the most criti-
cal being multiple truncations indicative of several dis-
solution—-reprecipitation episodes with bright CL cores
(higher Ti) and occasional bright CL rims (higher Ti).
We interpret the high H,O, F, F/Cl, and incompatible
trace element concentrations in the context of a model
involving melting of Archean crust and mixing of the
crustal melt with basaltic differentiates, followed by
multiple stages of fractional crystallization, remelting,
and melt extraction. This multistage process, which we
refer to as distillation, is further supported by the com-
plex CL zoning patterns in quartz. We interpret new
A'80(Qz-Mt) isotope measurements, demonstrating a
0.4 %o or ~180 °C temperature difference, and strong Sr
isotopic and chemical differences between the upper and
lower AVT to represent two separate eruptions. Similari-
ties between the AVT and the first caldera-forming erup-
tions of other caldera clusters in the SRP (Yellowstone,
Heise and Bruneau Jarbidge) suggest that the more
evolved, lower-temperature, more H,O-rich rhyolites of
the SRP are important in the initiation of a caldera clus-
ter during the onset of plume impingement.

Keywords Arbon Valley Tuff - Picabo - Snake River
Plain - Caldera - Rhyolite - Melt inclusion
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Introduction
Snake River Plain silicic volcanism and caldera cycles

The Yellowstone hotspot track has recorded a comprehen-
sive 16 million year history of voluminous silicic volcan-
ism and preserved a series of caldera clusters and eruptive
centers throughout the Snake River Plain (SRP). The vol-
canic fields we discuss from east to west include the Yel-
lowstone Plateau, Heise, Picabo, Twin Falls, and Bruneau
Jarbidge (Fig. 1). These volcanic fields represent a con-
veyor belt-like, spatially and temporally separated, record
of volcanism. An abundance of hot, dry, nearly aphyric,
and densely welded rhyolites are observed and consid-
ered characteristic of these volcanic fields and of rhyolite
genesis along the Yellowstone hotspot track (Williams
1941; Branney et al. 2008; Bonnichsen et al. 2008; Ellis
et al. 2013). However, less common crystal-rich and less
densely welded rhyolites are also associated with many
of the volcanic fields in the SRP, including Picabo, Bru-
neau Jarbidge, Heise and Yellowstone; these have been

interpreted to be more H,O-rich and to have lower pre-
eruptive temperatures (Nash et al. 20006).

Almeeyv et al. (2012) demonstrated based on phase rela-
tions that the Bruneau Jarbidge rhyolite can contain as little
as 1-0.6 wt% H,0, yet biotite- and amphibole-bearing SRP
units can reach up to 4.8 and 2.9 wt% water, accordingly.
This large range of water contents has implications for how
we view rhyolite formation in the SRP. Recent work on
rhyolite generation has also demonstrated that there are a
variety of petrogenetic and thermomechanical mechanisms
for magma genesis in different tectonic environments,
resulting in rhyolites that range from crystal-rich and near
solidus to crystal-poor and near liquidus (e.g., Dufek and
Bachman 2010; Simakin and Bindeman 2012; Brueseke
et al. 2014). In this paper, we focus on the generation of the
first-erupted rhyolites from the Picabo volcanic center in
the SRP and their implications for caldera cluster initiation.

Rhyolitic volcanism in the eastern SRP and extending into
the western SRP is predominantly multicyclic, with calde-
ras forming repeatedly at each location. Recent work (Watts
et al. 2011; Bindeman et al. 2007; Drew et al. 2013) has
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Fig. 1 Map of the Yellowstone hotspot volcanic fields and inset map
of the AVT caldera (Drew et al. 2013) and Picabo caldera complex
(modified from Drew et al. 2013), observed localities of the Arbon
Valley Tuff (dark gray squares) at the Picabo volcanic field (modified
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from Drew et al. 2013). The yellow star is the Cove locality, where
the samples for this study were collected. Juniper Mountain and Jar-
bidge Rhyolite locations are from Col6n et al. (2015a)
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demonstrated that these eruptive cycles in the eastern SRP
begin with the eruption of normal-3'80 rhyolites and end with
the eruption of low 8'%0 (<5.6 %o) rhyolites with diverse 8'0
in zircons and occasionally quartz. In particular, rhyolites of
the eastern SRP (Heise, Yellowstone, and Picabo) display
these signatures due to the progressive recycling of volcanic
products affected by hydrothermal alteration. In the western
SRP, an overabundance of low-3'30 magmas is observed in
the Picabo, Twin Falls, and Bruneau—Jarbidge centers, and the
exact temporal isotopic relations are less certain. Boroughs
et al. (2005, 2012) and Ellis et al. (2013) favor contribution of
a preexisting low-8'%0 source, while Drew et al. (2013) sug-
gests the facilitation of Basin and Range extensional tectonics
to accelerate the recycling of hydrothermally altered volcanic
products (dates of extension confirmed by Konstantinou et al.
2012). Colén et al. (2015a, b) also suggest that the heat of
the Columbia River Basalts could have allowed deep hydro-
thermal alteration in the western SRP, providing an alternate
mechanism to caldera collapse for incorporation of low-5'30
material into magmas.

Improved geochronological work has made the erup-
tive cycles increasingly well constrained at each volcanic
center (Watts et al. 2011; Drew et al. 2013; Bindeman
et al. 2007; Ellis et al. 2010; Cathey et al. 2008; Bonnich-
sen et al. 2008; Anders et al. 2014); however, the process
of initiating volcanism at a new location remains a mat-
ter of contention. Early rhyolites such as the Arbon Valley
Tuff (AVT) of the Picabo volcanic field (10.44-6.6 Ma)
that represent the commencement of volcanism at each
caldera cycle are largely buried by subsequent magma-
tism making their origin more enigmatic. The data of
Anders et al. (2014), as well as Nash et al. (2006), sup-
port the interpretation that the AVT and other “ahead of
the plume” volcanic units are features of low-degree man-
tle melting, whereas other researchers (Christiansen and
McCurry 2008) consider these rhyolites to be related to
Basin and Range extension. However, the on-axis loca-
tion of the AVT deposit and presumed caldera (Anders
et al. 2009, 2014; Kellogg et al. 1994), large AVT vol-
ume typical of other SRP centers, and occurrence of this
massive ignimbrite on the northern and southern extents
of the plain support the alternative view that the AVT is
SRP-related. Drew et al. (2013) demonstrated the spa-
tio-temporal association of the AVT with Picabo-related
rhyolites, which supports the interpretation that the AVT
(and other similar more hydrous and trace element-rich
rhyolites) is an important aspect of SRP volcanism. We
contend that the AVT represents a critical component of
the initiation of rhyolitic volcanism at a new location
and that such rhyolite generation would be facilitated by
a ramping up magmatic input during the onset of plume
impingement, followed by interaction of the mantle melts
with previously melted and hybridized Archean crust.

Interestingly, similar patterns are observed in the earliest
~31 Ma manifestation of the Yellowstone plume beneath
Oregon, with the exception that previously erupted rhyo-
lites are being cannibalized there (Seligman et al. 2014).

Defining chemical characteristics of early rhyolites
of caldera cycles and the AVT

The AVT is biotite bearing, and chemically and isotopically
zoned. The zoned tuff consists of two main parts: the lower
tuff including the fallout tuff (PC-12; Drew et al. 2013) and
the upper tuff (PC-14). Furthermore, the distinct isotopic
characteristics of the AVT include normal to high 3'%0,
(7.9-8.3 %), extremely radiogenic and zoned ®Sr/*°Sr;
ratios (ranging from 0.72520 to 0.71488), and extremely
low eyy and ey ratios (—18 and —28, respectively, in the
upper tuff; Drew et al. 2013). Isotopic mixing models by
Drew et al. (2013) suggest that greater than 50 %, by mass,
of the AVT was derived from melting of Archean upper
crust. Such high proportions require an equal or larger
amount of isotopically normal (mantle-like) basalt to melt
the crust. The proportions of crust and mantle provide con-
straints on the processes and sources creating the volatile
and trace element budget of the AVT.

Many of the first (or early), geochemically enriched rhy-
olites of SRP volcanic centers are the most crystal-rich (up
to ~35 %) tuffs of their corresponding volcanic sequences
and show elevated concentrations of F, Li, B, Rb, Nb, Y,
Sn, Th, and U consistent with heightened levels of frac-
tional crystallization and crustal melting (Watts et al. 2011;
Hildreth et al. 1991; Nash et al. 2006; Drew et al. 2013).
Along with the AVT (Fig. 1), we interpret the Huckleberry
Ridge Tuff-Member C of Yellowstone, the Blacktail Creek
Tuff of Heise, and the Jarbidge rhyolite of Bruneau Jar-
bidge ("0 = 8.8, eyy = —23; Colén et al. 2015a), to share
these characteristics.

The more “crustal” radiogenic isotopic signatures (Sr,
Nd, Hf) requiring large, ca 50 %, proportions of remelted
Archean crust, normal to high 3180, and enriched incom-
patible trace element signature of the AVT suggest that rhy-
olite generation involved a greater crustal component and
lacks the characteristic low-3'%0 signature that is prevalent
throughout the SRP (Bindeman et al. 2007; Watts et al.
2011, 2012). Although many chemical and isotopic charac-
teristics of the AVT are atypical of SRP rhyolites, they are
similar to many metaluminous rhyolites and A-type gran-
ites (e.g., Bishop Tuff; Hildreth et al. 1984) and metalumi-
nous to slightly peraluminous topaz rhyolites (Christiansen
et al. 1984, 1986, 2007). In this study, we investigate how
the first large rhyolitic magma body of a caldera cluster was
generated and assembled in the Archean crust in a ramp-up
of increasing basaltic input caused by plume impingement

(Fig. 1).
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Goals of the present study
This study addresses the following questions:

1. How can the initiation of volcanism at a new caldera
cluster produce rhyolite with a more enriched incom-
patible element signature in comparison with typical
recycled, hot, dry, crystal-poor, and commonly low
5'%0 rhyolites in the SRP?

2. What combination of source characteristics and forma-
tion processes causes high volatile contents in the AVT
(inferred from lower pre-eruptive temperatures and con-
firmed by our new melt inclusion data)? These might
include low degrees of mantle melting, repeated crustal
melting and melt extraction throughout the upper crust
to concentrate volatiles, but could also involve source
rocks with unusually high volatile contents.

3. Does the chemically and isotopically zoned AVT rep-
resent a single eruption from a zoned magma chamber,
coeval eruptions from different adjacent magma bod-
ies, or separate eruptions closely spaced in time?

Methods

The presence of rapidly quenched pumice clasts, which are
rare in the SRP, provides the unique opportunity to investi-
gate pre-eruptive volatile content. Thus, we present pre-erup-
tive volatile and major and trace element data from quartz-
hosted rhyolitic melt inclusions from the rapidly quenched
fallout pumice that is a part of the lower AVT (whole-rock
Si0, = 76.9 wt%). Quartz phenocrysts containing melt inclu-
sions were extracted from individual pumice clasts. The melt
inclusions that we analyzed were glassy and fully enclosed
in the phenocryst host, and only rarely contained vapor bub-
bles (Appendix Fig. 12 a through e). Eighteen melt inclusions
from the lower tuff (PC-12) were doubly intersected and ana-
lyzed for H,O and CO, contents by Fourier transform infra-
red (FTIR) spectroscopy at the University of Oregon using a
Thermo-Nicolet Nexus 670 FTIR spectrometer coupled with a
Continuum IR microscope. When H,O contents were too high
to quantify using the fundamental OH stretching vibration at
3570 cm™ !, the 4520 cm ™" and 5230 cm ™! peaks, and the total
water calculation by Zhang et al. (1997) were used (Appendix
Table 2). Five inclusions were excluded from the final data-
set because of noisy spectra due to small inclusion size that
results in highly variable hydroxyl to molecular H,O ratios for
replicate spectra from individual melt inclusions (Appendix
Table 3). In addition, 19 melt inclusions in pumice clasts from
the upper AVT were singly intersected and polished.

Major elements and F, S, and Cl concentrations in
melt inclusions from the upper and lower AVT were ana-
lyzed using a Cameca SX100 electron microprobe at the
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University of Oregon MicroAnalytical Facility (Appen-
dix Table 4a, b) using a 15-kV accelerating voltage and
a 10-pm beam size. To account for the effects of alkali
migration, time-dependent intensity corrections were made
for Na, K, Al, and Si. A 10-nA current was used for Na, Si,
K, Al, Mg, Fe, and Ca, after which a 50-nA current was
used for S, Cl, Ti, P, and F acquisition.

Zoning patterns in the 16 host quartz grains were imaged
using cathodoluminescence (CL) with a FEI Quanta 200
environmental scanning electron microscope (ESEM) at the
University of Oregon. Only portions of the quartz crystals are
preserved through the melt inclusion preparation process, and
therefore, additional quartz phenocrysts from the lower fallout
and upper welded tuff of the AVT were CL imaged (Appen-
dix Figs. 13 through 16). Trace elements Ti, Fe, K, Na, and
Al in the host quartz phenocrysts were also determined on the
Cameca SX100 electron microprobe using similar settings but
a higher current of 100 nA and longer count times of 400 s on
and off peak (Appendix Tables 7 and 8). The detection limit for
Ti was 30 ppm, and therefore, no trends in quartz Ti concentra-
tions were interpreted for measurements less than 30 ppm.

Trace elements of select melt inclusions from the lower
tuff (PC-P3.3, PC-P2.2, PC-P2.6, PC-P3.1-1 and 2, PC-P6.3-
1, PC-P5.1-1 and 2, PC-P1.4, PC-P1.2-1 and 2) and interstitial
glass from the upper and lower tuff (samples PC-12, PC-14
and PC-76) were analyzed at Oregon State University in the W.
M. Keck Collaboratory for Plasma Mass Spectrometry using
a Photon Machines Analyte G2 193-nm ArF “fast” Excimer
Laser with a 5- to 7-Hz pulse rate and a 50- to 85-jp.m spot size
coupled with a Thermoscientific X Series 2 Quadrupole Mass
Spectrometer. GSE-1G was used as a calibration standard, and
Si concentrations determined in melt inclusions by electron
microprobe were used as an internal standard for each analy-
sis (Appendix Table 5). NIST-612, BCR-2G, and BHVO-2G
were monitored as secondary standards to verify overall accu-
racy. For NIST-612, the accuracy was better than 10 % for all
reported elements. Data reduction strategy and other instru-
ment parameters can be found in Loewen and Kent (2012).

In order to measure quartz—magnetite oxygen isotopic
temperature, reflecting quenched pre-eruptive conditions
(e.g., Bindeman and Valley 2002), magnetite and quartz
were extracted from individual pumice of the airfall and in
the upper tuff (samples PC-12 and PC-14, respectively) and
measured for 8'80 by laser fluorination IRMS at the Uni-
versity of Oregon [method described by Bindeman (2008)].

Results
Stratigraphy of the studied section

The AVT is considered a caldera-forming unit of the Picabo
volcanic field, and it is observed on both the northern and
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southern extents of the SRP, including correlation with the
southern Hawley Springs Tuff (Kellogg et al. 1994; Drew
et al. 2013; Fig. 1). Anders et al. (2014) as well as Drew
et al. (2013) have expanded the original AVT caldera bound-
ary (Kellogg et al. 1994) due to recent identification of more
extensive outcrops on the northern side of the plain. Outcrops
of the AVT can be easily identified since the AVT is one of
few biotite-bearing units in the SRP and the only one that is
found within the Picabo and Twin Falls volcanic centers.

The studied stratigraphic section of the AVT consists of a
glassy, well-sorted, crystal-poor (~5 %) fallout lapilli tuff, over-
lain by a strongly stratified lapilli tuff that grades into a massive
upper welded and crystal-rich (>35 %) tuff that has a U-Pb age
of 10.44 £+ 0.27 Ma (Drew et al. 2013). For the purposes of
this study, the lower two unwelded parts are referred to as the
lower tuff (PC-12) and the upper welded part is referred to as
the upper tuff (PC-14). Quartz-hosted rhyolitic melt inclusions
for this study were collected from pumice clasts near the base
of the stratigraphy in the fallout tuff (PC-12) and in the upper
tuff (PC-14) at the type locality of the AVT, the Cove (Fig. 1).

At the Cove locality >100 m of exposed continuous
section is preserved (Kellogg et al. 1994), and because no
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cooling breaks were observed, Drew et al. (2013) consid-
ered this sampling locality to represent a single eruption.
In another location, Anders et al. (2014) reported a range in
“OArA°Ar dates in a series of samples that they interpret as
representing two “*Ar/*’Ar populations corresponding to the
lower and upper AVT at 10.41 and 10.22 Ma, respectively,
and refer to these units as parts A and B. Anders et al. (2014)
also interpret these age populations to indicate that the AVT
formed as a result of two distinct eruptions, but also that the
younger eruption incorporated material of the older erup-
tion. Since the samples dated by Anders et al. (2014) are
from a different location than analyzed here, we only con-
sider these relative ages and use additional geochemical evi-
dence to assess whether the AVT represents one eruption or
two temporally or spatially separated magma bodies.

Melt inclusion and interstitial glass compositions

We studied melt inclusions and interstitial glass composi-
tions in two representative samples of the lower (PC-12)
and upper (PC-14) AVT (Fig. 2). Lower AVT melt inclu-
sions (Fig. 3) and interstitial glass have high-silica rhyolite

10 7y~ highK,0
9_ \ \\1\52
B
As- =~ -7
£ 7
Z 6
Q
2*5
4

Si0, (Wt.%)

Fig. 2 Major element variations of upper and lower AVT melt inclusions and interstitial glass with SiO, in comparison with other Picabo
whole-rock data, Bishop Tuff quartz-hosted melt inclusions, and Yellowstone MFT quartz-hosted melt inclusions
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compositions (75.5-78.8 wt%; the highest SiO, reflects  in the range 12.4-13.1 wt% (Fig. 2), whereas upper AVT
potential measurement overlap with the quartz host), very  inclusions have lower-silica rhyolite (73.2-76.9 wt%)
low TiO, (<0.06 wt%) and MgO (<0.03 wt%), and Al,0;  and less differentiated compositions (Fig. 2; Table 1).

Table 1 Fourier transform infrared spectroscopic data for lower AVT quartz-hosted melt inclusions and chemical analyses for the lower and
upper AVT melt inclusions

Sample FTIR EPMA (wt%)

H,0 (wt%) CO,(ppm) SiO, TiO, ALO, FeO MgO CaO Na,0 K,0 Cl F Total

Melt inclusion—lower AVT (PC-12)

PC-P1.2-1 - - 75.54  0.007 12.71 0.77  0.005 045 1.43 9.08 0.07 121 94.67
PC-P1.2-2% 494 4+022 196 £+ 10.1 78.06  0.03 12.73 0.68 0.001 044 3.0 5.06  0.08 1.36 92.35
PC-P1.4* 469 +0.04 179 +3.1 7598  0.03 13.07 0.72 0.007 0.46 1.29 844 0.08 1.11 9455
PC-P12-2 - - 7852 0 12.93 067 O 045 274 4.7 0.08 145 9243
PC-P2.2-2 - - 77.08  0.05 12.9 064 O 033 457 443 0.07 089 91.82
PC-P2.6* 345+£0.07 270+10.6 7773  0.06 12.58 0.72 0.004 046 3.84 452 009 137 91.66
PC-P3.1-1* 4594025 103+£5.7 7538  0.01 12.96 0.73  0.002 0.46 1.32 9.13 0.08 1.2 94.29
PC-P3.1-2* 643+027 145+34 - - - - - - - - - - -
PC-P3.2% 533+041 410+333 78.04 0.04 13.1 075 0.001 047 273 489 008 136 92.14

PC-P3.3* 227+0.19 120+4.1 7796 0 12.68 0.69 0.004 045 382 4.41 007 1.14 93.11
PC-P3.4 - - 78.8 0.04 12.83 0.73 0.005 046 233 4.81 008 147 91.83
PC-P4.1%* 349£049 190£48.0 7733 0.02 12.81 065 0 037 433 448 006 096 9257
PC-P4.2B - - 78.34  0.05 1274 0.7 0.008 046 276 495 008 1.16 93.19

PC-P5.1-1*  479£0.12 396 +44 77.16  0.06 12.5 1.06  0.03 047 328 544 012 022  94.68
PC-P5.1-2¥  393£0.78 393£52 77.13  0.04 12.5 1.02  0.03 0.45 332 55 0.12 022 94.86
PC-P6 - - 76.87  0.04 12.44 0.69 0.002 0.44 1.16 836 0.07 054 94.02

PC-P6.1 - - 77.81  0.03 12.53 0.7 0.008 044 326 522 0.08 049 9348
PC-P6.3-1*  3.84£006 97+27 76.01  0.02 1297 0.7 0.001 045 1.32 853 008 043 943
PC-P6.3-2*  483+£0.14 79+1.1 77.6 0.02 1277  0.68 0.003 043 332 517 0.08 053 9482
Melt inclusion—upper AVT (PC-14)

PC-14-1 - - 7539  0.06 13 1 0 0 4 6 0 0 96.8
PC-14-2 - - 7545  0.04 13 1 0 0 4 6 0 0 97.81
PC-14-3b - - 74.79  0.07 12.81 1.16  0.08 0.58 43 6.2 0.07 0.08 97.06
PC-14-4 - - 73.93  0.04 13.58 1.12  0.13 0.65 431 623 0.1 0.08  98.18
PC-14-5 - - 75.88  0.03 1272 083 0 025 424 6.05 0.1 0.16  97.96
PC-14-6 - - 7322 0.11 13.68 146  0.14 057 4091 59 0.14 0.19 9755
PC-14-7a - - 75.2 0.07 13.13 072 0.01 0.2 442 625 0.1 0 97.4
PC-14-7b - - 74.9 0.19 12.47 128 0.13 057 4.1 636 0.09 015 97.38
PC-14-7c - - 7446  0.14 13.3 1.15  0.08 053 3.76 658 0.1 011 977
PC-14-7d - - 7431  0.11 13.29 1.19  0.09 059 375 6.65 0.1 022 9791
PC-14-9 - - 76.12  0.02 12.7 079 0 0.11  4.02 623 0.09 007 9691
PC-14-11 - - 75.10  0.21 12.9 132 0 0.04 446 596 0.05 0.02 98.06
PC-14-12 - - 7424  0.04 1392  0.64 0.03 026 448 639 0.07 024 9735
PC-14-13 - - 74.47  0.09 13.16 1.3 0.15 046 492 545 0.1 036 97.12
PC-14-14 - - 7489  0.04 13.09 123 0.09 031 478 557 012 071  97.09
PC-14-16a - - 74.68  0.11 12.79 134 0.12 059  4.09 627 011 0.09 96.68
PC-14-16¢ - - 76.9 0.07 11.91 099 0.07 0.68  3.21 6.17 012 092 98.32
PC-14-16d - - 75.87  0.13 12.31 0.7 0.03 053 3.8 663 011 02 96.36
PC-14-17 - - 75.09  0.07 13.21 095  0.08 058 3.83 6.18 011 035 99.12

The asterisks indicate volatile analyses considered representative and included in subsequent figures, and underlines indicate the high K,O inclu-
sions. Chemical analyses are normalized to 100 % volatile free, with the exception of the total
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The lower and upper AVT inclusions are peraluminous,
and the major and trace element compositions of the melt
inclusions show few systematic trends other than general
variability.

Volatile concentrations were measured in the lower
AVT melt inclusions and H,O contents range from 2.4
to 6.4 wt%, and CO, contents range from 79 to 410 ppm
(Table 1), corresponding to vapor saturation pressures
between ~1 and 2 kbar (Fig. 4). Although the majority of
melt inclusions do not contain vapor bubbles, a positive
correlation between TiO, and CO, suggests vapor satura-
tion during crystallization (Appendix Fig. 17b). Melt inclu-
sions with lower H,O contents but CO, contents equivalent
to the main population of melt inclusions are likely to have
experienced water loss by intracrystalline hydrogen diffu-
sion through the quartz host (Severs et al. 2007).

In order to further assess the effect of hydrogen dif-
fusion on the composition of the melt inclusions, we
compared variations in Li and Rb to H,O, because Li is
a fast-diffusing element and Rb is a slow-diffusing ele-
ment (Fig. 18; Roberge et al. 2013). A large range in Li
is observed with uniform Rb concentrations, and the vari-
ability suggests that 5 of 11 inclusions likely lost some Li
by diffusion. A similar pattern is observed in a plot of H,O
versus Rb (Appendix Fig. 18c), but there is no correlation

PC-P3.1

Fig. 3 Photograph of singly polished quartz-hosted melt inclusions
from two samples to highlight the irregular boundary of the high K,0
inclusions

E{Lower AVT melt inclusions \

A Bishop Tuff melt inclusions (Wallace et al., 1999)
600 1 M High K,0 melt inclusions \

>
bf’
Gs\ \\ 00t
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=

4 5 é 7 8
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Fig. 4 Lower AVT melt inclusion CO, and H,O determined by Fou-
rier transform infrared spectroscopy in comparison with the Bishop
Tuff. Isobars (at 800 °C) and the open system-degassing curve were
calculated using VolatileCalc (Newman and Lowenstern 2002)

between low Li and low H,0O, making it difficult to assess
how much of the variability in H,O concentrations is due
to is due to post-entrapment diffusive loss to, or exchange
with, external melt. There is also no correlation between
H,O and melt inclusion size (Appendix Fig. 18d), which
would be expected if variable diffusive H,O loss occurred
during final ascent. Given these relations, the main obser-
vation of the melt inclusion data is that the highly evolved
and incompatible element-enriched rhyolitic melts trapped
as inclusions in quartz had H,O concentrations as high as
5-6 wt%, similar to values for other metaluminous high-
silica rhyolites (e.g., Bishop Tuff; Wallace et al. 1999).
More slowly diffusing elements such as Cl and most trace
elements should not be affected by diffusive exchange.
Three distinct melt inclusion populations are observed in
the lower AVT. These populations include the main group
of melt inclusions, a group with high K,O concentrations,
and a xenocryst containing two inclusions with high Nb,
Th, Ba, Ti, La, Ce, and Sm, and low Li, Pb, and B (Figs. 2,
4; Table 2). A distinctive feature of the main population of
AVT rhyolitic melt inclusions is the presence of high F, up
to 1.38 wt%, in comparison with CI, which does not exceed
0.09 wt% (Fig. 5). The F greatly exceeds values typical of
the Bishop Tuff (Wallace et al. 1999) and typical arc rhyo-
lites (Wallace 2005), but the CI is similar to values for the
Bishop Tuff and lower than typical arc rhyolites (Fig. 5;
Bacon et al. 1992; Wright et al. 2012). Trace element char-
acteristics of the main population include depletions in Sr,
Zr, and Ti (Table 2; Figs. 6, 7) and enrichments in Li, B, Rb,
Nb, Y, Sn, Th, and U, in comparison with rhyolitic quartz-
hosted melt inclusions from other silicic centers, including
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Fig. 5 F versus Cl concentration of upper and lower melt inclusions
and interstitial glass in comparison with quartz-hosted melt inclusions
from the Mesa Falls Tuff of Yellowstone (Gansecki 1998), Bishop
Tuft quartz-hosted melt inclusions (Wallace et al. 1999), rehomog-
enized topaz granite inclusions (Lukkari et al. 2009), rehomogenized
quartz-hosted melt inclusions from high-F rhyolites of Australia
(Agangi et al. 2012), rehomogenized quartz-hosted melt inclusions

the Mesa Falls Tuff (MFT) of Yellowstone and the Bishop
Tuff (Wallace et al. 1999; Gansecki 1998; Fig. 8).

In comparison with this main population of melt inclu-
sions, there are five high K,O inclusions (8.4-9.1 wt%;
Figs. 2, 3) and two inclusions within a xenocryst, which
have distinct trace element compositions (Figs. 2, 8) and
are hosted in the same quartz phenocryst. The higher K,O
(8.4-9.1 wt%) inclusions have lower Na,O and SiO,,
although they are within the range of H,O and CO, con-
centrations of the main population of AVT melt inclusions
and indistinguishable in trace element characteristics from
the main population. The xenocryst-hosted inclusions have
high MgO and FeO, low F, and very different trace element
concentrations. The difference between these two inclu-
sions and the average composition of the AVT melt inclu-
sions include, but is not limited to, higher LREEs, Ti, Ba,
and Th concentrations, and lower B and Rb concentrations
(Figs. 6, 7, 8).

The upper AVT melt inclusions are lower in SiO, and
generally contain higher K,O, Na,O, MgO, and Al,O;
concentrations than lower AVT melt inclusions (Fig. 2).
However, the upper AVT inclusions as a group have a
larger range in major element concentrations than the main
population of lower AVT inclusions (Fig. 2). The upper
AVT also has significantly lower F concentrations, reach-
ing a maximum of 0.92 wt% F (average 0.23 wt% F). Cl
concentrations range from 0.05 to 0.14 wt%. These Cl
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from the Hideaway Park Tuff topaz rhyolite (Mercer et al. 2015), and
plagioclase-hosted melt inclusions from Crater Lake (Wright et al.
2012). The solid line represents a fractional crystallization curve from
a Yellowstone basalt (Stefano et al. 2011) with starting compositions
of Cl and F of 266 ppm and 0.06 wt%, accordingly with tick marks at
increments of 10 %

concentrations are similar to values for the Bishop Tuff
(Wallace et al. 1999); however, the F concentrations exceed
the Bishop Tuff and typical arc rhyolites (Wallace et al.
1999; Wallace 2005; Fig. 5).

The main population of AVT melt inclusions shows
2-3x the concentration of incompatible elements in the
least evolved AVT whole-rock composition, but the inter-
stitial glass composition falls within the range of the melt
inclusion glass for U, Th, Rb, and Nb. The differences
between the lower AVT whole-rock and melt compositions
can largely be attributed to the crystal content. The crystal-
lization of accessory phases, allanite, chevkinite, and apa-
tite, is also required to match the concentrations in detail.
There are large trace element differences in the interstitial
glass of the upper and lower AVT (Fig. 8) that roughly cor-
respond to the whole-rock trace element differences. The
trace element interstitial glass composition of PC-12 over-
laps with the PC-12 melt inclusions compositions.

The AVT melt inclusion major and trace element com-
positions indicate extreme differentiation, with Sr/Rb and
Ba/Rb ratios of <0.002 and 0.009, respectively (Fig. 8c).
Trace element concentrations indicate crystallization of
the mineral assemblage of quartz, plagioclase, sanidine,
and biotite as well as accessory minerals: zircon (low Zr),
allanite, and chevkinite (low LREEs). Relative to other
Picabo rhyolites, the AVT melt inclusions show enrich-
ment in U relative to Th and enrichment in Rb relative to
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Table 2 Trace element

chemical analyses for the lower

AVT melt inclusions

Nb (Fig. 8a, b). The main population shows equal incom-
patibility of Nb and Rb, and greater incompatibility of U
than Th, in contrast to the less differentiated inclusions,
which demonstrate greater incompatibility of Nb than Rb,
and equal incompatibility of U and Th. The two inclusions

LA-ICP-MS (ppm)

Li B P Ca Ti Rb Sr Y Zr Nb Ba La Ce
Melt inclusions lower AVT (PC-12)
PC-P1.2-1 174 89.7 59 2833 178 564 0.16 138 81.0 61.0 023 8.14 26.2
PC-P1.2-2* 130 97.6 60 2958 136 574 bdl 151 873 524 0.09 725 21.8
PC-P1.3 139 99.6 66 2407 133 561 bdl 144 84.1 535 0.03 6.67 22.7
PC-P1.4%* 0.6 904 42 2325 143 604 0.03 133 753 546 0.14 670 214
PC-P2.2-2 132 87.1 59 2395 135 528 0.06 145 90.7 63.7 0.09 6.77 222
PC-P2.6* 144 951 54 3022 148 551 bdl 144 845 57.1 024 7.04 226
PC-P3.1-1* 4.1 79.1 6 2802 138 522 0.12 135 813 572 0.07 6.67 213
PC-P3.1-2* 138 96.1 57 3012 143 548 0.03 142 857 543 0.15 7.68 23.1
PC-P3.3* 151 102 46 3081 144 578 0.17 153 948 603 0.07 838 256
PC-P4.2B 97.6 89.6 50 2969 124 547 0.10 130 77.6 519 0.11 6.62 21.9
PC-P5.1-1* 393 324 69 3165 377 287 056 98 999 112 268 213 59.7
PC-P5.1-2% 414 394 66 2696 321 276 039 102 827 113 121 15.6 453
PC-P6.3-1* 519 90.5 102 2699 127 514 0.11 129 79.6 489 0.12 6.14 19.6
Matrix glass (trace elements only)
PC-12 (lower AVT) 46 138 529 1.0 1373 921 537 24 79 242
PC-14 (upper AVT) 236 165 163 383 519 186 9.8 718 115 168
PC-76 78 377 278 156 109 309 148 233 326 532

LA-ICP-MS (ppm)

Pr  Nd Sm Eu Gd Dy Er Yb Hf Ta Pb Th U
Melt inclusions lower AVT (PC-12)
PC-P1.2-1 350 16.7 8.24 bdl 125 192 134 163 6.55 105 78.0 309 187
PC-P1.2-2%* 3.11 149 8.24 bdl 13.1 199 141 17.0 748 103 705 302 174
PC-P1.3 321 144 898 bdl 11.7 17.2 136 141 7.14 9.63 78.5 285 18.6
PC-P1.4% 285 149 7.53 bdl 123 177 135 151 525 109 779 278 172
PC-P2.2-2 350 14.7 7.61 bdl 11.5 184 142 158 644 114 683 29.6 20.1
PC-P2.6* 339 15,5 8.31 bdl 120 193 14.1 172 6.86 112 724 31.0 18.0
PC-P3.1-1* 3.12 152 6.97 bdl 11.0 164 14.0 135 582 9.61 683 269 164
PC-P3.1-2* 3.13 152 8.06 bdl 13.0 19.1 12.8 163 6.83 998 784 314 18.7
PC-P3.3* 374 16.6 8.21 bdl 123 19.1 144 169 7.38 11.0 783 327 19.2
PC-P4.2B 3.07 133 7.29 bdl 11.3 155 120 148 573 891 743 279 18.0
PC-P5.1-1* 7.08 31.6 11.0 0.05 14.6 20.0 125 10.5 493 452 58.8 403 154
PC-P5.1-2% 545 249 109 bdl 124 200 125 11.5 390 4.87 555 41.1 164
PC-P6.3-1* 2.84 15.0 7.06 bdl 10.7 167 124 166 581 9.76 732 274 175
Matrix glass (trace elements only)
PC-12 (lower AVT) 3.2 167 8.2 0.004 112 17.0 124 156 69 99 67.5 310 16.0
PC-14 (upper AVT) 220 89 141 14 135 107 48 40 14 25 424 204 4.8
PC-76 49 176 28 04 19 20 12 09 19 22 327 125 28

SiO, content of each inclusion was used as the internal standard. The abbreviation bdl represents analy-
ses that were below detection limits. The average percent error reported is the average percent difference
between measured concentrations of the standard and the actual value. With the exception of Nb, which has
a percent error of 10.39 % P, all other reported elements have an error less than 10 %

within the xenocryst have contrasting trace element con-
centrations including higher Cl, Th, Nb, St/Rb and Ba/Rb
(Figs. 5, 8).

The five inclusions with high K,O all have irregular
boundaries (Fig. 3). The characteristics of these inclusions
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Fig. 6 Rare earth element diagram of lower AVT melt inclusions,
Wah Wah Mountains topaz rhyolites (Christiansen et al. 2007),
Mount Bennett Hill rhyolite of the SRP (Honjo 1990) and Bishop
Tuff rhyolite (Hildreth 1977; modified from Glazner et al. 2008). All
trace elements are normalized to chondrite values (Sun and McDon-
ough 1989). Gray bars correspond to the range spanned by the AVT
melt inclusion data, on the left side where there is separation repre-
sents the compositional distinction between the two most primitive
inclusions and the main population of melt inclusions
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Fig. 7 Spider plot of lower AVT melt inclusions in comparison with
Bishop Tuff and Mesa Falls Tuff (MFT) melt inclusions. Trace ele-
ments are normalized to the primitive mantle (McDonough and Sun
1995)

cannot be analytical artifacts or produced by igneous crys-
tallization. A possible interpretation is that these inclu-
sions were originally reentrants (unsealed inclusions) that
were subsequently altered to sericite, reincorporated into
rhyolitic magma, and then had additional overgrowths of
quartz (discussed below).

CL zoning patterns and Ti in host quartz

The CL images of the host quartz grains provide petrologic
insight into the crystal growth histories and the changes in
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crystallization conditions, which are texturally tied to the
analyzed composition of the melt inclusions (Fig. 9). Dis-
tinct CL features of quartz grains with melt inclusions include
both bright CL rims and cores (bright cores: 12.5 % of
grains, bright rims: 19 % of grains), and prevalent truncated
zones of oscillatory zoning (Fig. 9). Comparison of the CL
images with whole-quartz phenocrysts from the lower fallout
and upper ignimbrite (refer to phenocrysts on Fig. 9 and in
Appendix B) revealed that only phenocrysts from the lower
airfall tuff had bright cores (Appendix Fig. 15). Although
the bright cores in the lower tuff do not have large increases
in Ti concentrations compared to the rims, the boundaries
between zones are extremely sharp. Larger Ti variations and
thicker CL zones (up to 250 wm) are present in the quartz
grains from the upper tuff, with less evidence for small-scale
oscillatory zoning. The majority of Ti measurements of melt
inclusion host quartz grains (of the lower fallout) were less
than 60 ppm, with the occasional bright rims and cores reach-
ing concentrations greater than 60 ppm, but not exceeding
82 ppm. One exception is an outermost bright rim that had
a Ti concentration of 276 ppm. Quartz CL patterns and Ti
measurements of the upper crystal-rich portion of the deposit
yielded significantly higher Ti concentrations and a wider
range of variation from <60 to 196 ppm Ti (Appendix C). The
Ti concentration of the lower AVT quartz overlaps the upper
AVT concentrations, but is on average significantly lower.

A“‘OQZ_Mt temperatures

Magnetite and quartz were extracted from single, rapidly
quenched pumice clasts in the lower (PC-12) and upper (PC-
14) tuff, and the 380 values measured were used in con-
junction with additional quartz 8'0 from Drew et al. (2013)
from the same samples to estimate magma temperature and
melt 3'%0. The 8180Mt of the upper tuff ranges from 3.87 to
3.79 %o, the freshest magnetite from the lower tuff is 2.44 %o,
and the §'%0 values of quartz in the upper and lower tuff are
8.41 and 8.83 %o, respectively. The AISOQZ_Mt temperatures
(using 6.29 A-factor from Chiba et al. 1989) is 892-906 °C
for the upper tuff, and 719 °C for the lower tuff, indicating
a large (~180 °C) temperature difference between the upper
and lower tuffs, twice the difference between the lower and
upper Bishop Tuff (e.g., Hildreth and Wilson 2007; Binde-
man and Valley 2002). Using these temperatures and BISOQZ,
we estimated the AISOQZ_MGI[ fractionations to be 0.47 and
0.37 %o, respectively (Bindeman and Valley 2002). The com-
puted 380, values for these different temperatures are
8.4 %o (PC-12, lower tuff) and 8.0 %o (PC-14, upper tuff),
suggesting a subtle but recognizable ~0.4 %o, isotopic differ-
ence between the upper and lower tuff. This isotopic differ-
ence is coupled with Sr isotopic differences between whole-
rock samples of the lower and upper tuff (0.73443 and
0.71507, respectively; Drew et al. 2013).
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Fig. 8 Trace element compositions of lower AVT melt inclusions and
interstitial glass in comparison with Picabo rhyolites, topaz rhyolites
and granite, Bishop Tuff melt inclusions, and Mesa Falls Tuff melt
inclusions. a Sr/Rb variations with Ba/Rb of AVT melt inclusions
and interstitial glass. The solid lines represent fractional crystalliza-
tion trends of plagioclase and potassium feldspar (Anderson et al.
2000). The dashed line emphasizes the correlation between the AVT
melt inclusions and MFT melt inclusions. b U versus Th of AVT
melt inclusions and interstitial glass. The black line represents frac-
tional crystallization at 10 % increments beginning at a low silica
rhyolite composition. This fractional crystallization line assumes a
mineralogy representative of typical Yellowstone hotspot rhyolites
(Watts et al. 2011) and bulk partition coefficients of 0.137 and 0.154,

Discussion

What do the quartz phenocrysts and melt inclusions
represent in the magmatic system?

The composition of melt inclusions from the upper and
lower tuff, the position of melt inclusions with respect to
CL zoning in quartz (Fig. 9), and the interstitial glass com-
positions provide insight into the evolution of magmas that
erupted to form the AVT. The fallout of the lower AVT
(PC-12) is the first eruptive product from the Picabo vol-
canic center, and therefore, it provides information about
magmatic processes leading to volcanism initiation. The
upper AVT (PC-14) is the subsequent eruptive product that
is more chemically and isotopically similar to typical “hot
and dry” SRP rhyolitic compositions, indicating a poten-
tial connection between extreme “off-SRP plume axis” or
Basin and Range type rhyolites (Christiansen 2005; Chris-
tiansen et al. 2007) and more typical rhyolites of the SRP

.I’C-H
0 T
0 200

400 600

Rb (ppm)

800

and initial concentrations 6 and 10 ppm for U and Th, accordingly.
¢ Nb versus Rb of AVT melt inclusions and interstitial glass. The
gray and dotted gray curves represent equilibrium crystallization at
10 % increments beginning at a low silica rhyolite composition (Rb:
166 ppm, Nb: 23 ppm). The partition coefficients were Dy, = 0, 0
and Dy, = 0, 0.298 for the dotted gray and gray curves accordingly.
The black curve represents fractional crystallization at 10 % incre-
ments beginning at a low silica rhyolite composition (Rb: 166 ppm,
Nb: 23 ppm). The partition coefficients were Dy, = 0 and Dy, = 0.2.
The black fractional crystallization curve assumes partition coef-
ficients of 0.7 and 0.2 and initial concentrations of 166 and 23 for
Rb and Nb, respectively. The gray fractional crystallization curve
assumes partition coefficients of 0

and subsequent volcanism at the Picabo eruptive center
(Drew et al. 2013).

The different populations of lower AVT melt inclusions and
textural constraints of complex CL textures in both the lower
and upper tuffs suggest that quartz phenocrysts underwent a
protracted history of growth and resorption. Although the melt
inclusions are highly differentiated in composition (Figs. 2, 8),
the trace element similarity (especially Nb, Rb, U) between
the interstitial glass and many of the melt inclusions in the
lower AVT, and their linear co-variations on binary diagrams
(Fig. 8), demonstrates that the majority of quartz phenocrysts
and their melt inclusions are not random xenocrysts but con-
tain information about the formation processes of the AVT
magma. Only one phenocryst containing two melt inclusions
with contrasting trace element characteristics to the main melt
inclusion population is interpreted to be a xenocryst.

High-K,O melt inclusions in the lower AVT (Figs. 2, 9)
require additional discussion because peraluminous igneous
crystallization is not capable of producing 7-9 wt% K,O
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Fig. 9 a Annotated cathodolu-
minescence maps, highlighting
zoning patterns and Ti concen-
trations in melt inclusion host
quartz phenocrysts of the lower
AVT. The zones shown are
extrapolated based on the Ti dif-
ferences measured at the points
shown and distinct CL bounda-
ries. Melt inclusions are shown
in black and Ti concentrations
are shown by three different
colors representing less than

30 ppm Ti (below instrument
detection limits), between 30
and 60 ppm Ti, and greater then
60 ppm Ti. b Cathodolumines-
cence images of melt inclusion
host quartz phenocrysts of the
lower AVT. Numbered points
are where Ti and Al concentra-
tions were measured
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and reduced Na,O (Peccerillo and Taylor 1976). The host
quartz of the high-K,O inclusions encompasses the range
of CL zoning observed (Fig. 7) and one inclusion, PC-P6.3,
even contains one high K,O inclusion and one normal K,O
melt inclusion in the same CL zone. Glass weathering upon
secondary hydration (Jezek and Noble 1978) or forma-
tion of hydrothermal sericite with loss of Na,O and gain of
K,O during mica formation could produce these signatures.
Therefore, these melt inclusions may represent reentrants
altered to sericite (muscovite-bearing) that were remelted
and/or resealed. We discount the possibility of extreme K,O
gain through quartz or a crack, because no such high K,O
composition exists in the groundmass. We prefer the sericite
alteration interpretation to that of Szymanowski et al. (2015)
who interpreted up to 11 wt% K,O in melt inclusions with
60 wt% SiO, to be a result of “hidden” igneous differentia-
tion of an intermediate magma.

Ti-in-quartz variations across the eruptive stratigraphy
and implications for magmatic temperatures

CL imaging and Ti concentrations of quartz reveal great
complexity in phenocrysts from the upper and lower tuff
(Fig. 9). Each quartz grain demonstrates different patterns
of fragmentation, dissolution, and overgrowth during multi-
stage heating and cooling episodes. The CL zoning patterns
(e.g., truncated oscillatory zones, bright cores, bright rims,
and changing Ti concentrations) of quartz in relation to the
location of the melt inclusion also suggests at least one and
as many as four resorption events since entrapment of the
inclusion. For example, PC-P1.2 displays the simplest CL
zoning with likely only one resorption and regrowth event,
whereas PC-P6, PC-P4.1, PC-P4.2, and PC-P1.3 display
the most complex zoning with approximately four episodes
of dissolution or fragmentation and regrowth (Fig. 9). The
melt inclusion position enclosed in the specific CL zones
(Fig. 9) suggests that they were able to survive one or
more reheating episodes, thus recording earlier stages (pre-
fragmentation, dissolution of crystal growth) of magma
generation.

The lower Ti concentrations (average 32 ppm) of quartz
in the lower AVT (PC-12) compared with the higher con-
centrations (average 116 ppm) in the upper AVT (PC-14;
Fig. 10) are consistent with higher temperatures, higher
pressures, and/or lower TiO, activity in the upper AVT
(e.g., Huang and Audetat 2012; Wark and Watson 2006;
Thomas et al. 2010, 2015). These Ti differences are broadly
in agreement with the 180 °C higher A'®0y, \ isotopic
temperature estimate for the upper AVT. Calculation of
absolute temperatures from Ti-in-quartz requires assump-
tions about melt TiO, activity, pressure, and growth rate
(Wilson et al. 2012; Huang and Audetat 2012). In order
to calculate approximate temperatures based on the Ti

350 -
Bishop Tuff . = O+x% Picabo rhyolites
300 —eore ¢ upper AVT
1 O lower AVT
A lower AVT containing
250 4 x X studied melt inclusions
B
o
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<
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Fig. 10 Ti and Al trace element variations in quartz from the upper
and lower AVT in comparison with quartz of the Bishop Tuff. Quartz
from the entire Bishop Tuff eruptive sequence spans 44.3-57.2 ppm
in the cores and 39.8-98.2 ppm in the rims (Wark et al. 2007)

concentration, we assume a pressure of 2 kbars based on
the maximum entrapment pressure of the lower AVT melt
inclusions. Using the average Ti concentration of 32 ppm
in quartz from the lower tuff and a TiO, activity of 0.6, the
Huang and Audetat (2012) Ti-in-quartz calibration yields a
temperature of 654 °C. In comparison, a TiO, activity of
0.35 used for topaz rhyolite melt inclusions (Mercer et al.
2015) yields a temperature of 793 °C. The presence of
allanite in the lower tuff (McCurry 2009), however, con-
strains temperatures to <765 °C (Vazquez et al. 2004), thus
bracketing the temperature between ~654 and 765 °C for
the lower tuff, in broad agreement with the ~719 °C esti-
mate using AISOQZ,MF

The upper tuff has higher and more variable quartz Ti
concentrations (<30-196 ppm), and within one phenocryst
reaches a maximum Ti range of 82 ppm. The large range in
Ti of the upper AVT suggests that quartz grains could have
been recycled from melts with different Ti concentrations.
If we assume that the upper and lower tuffs crystallized at
a constant pressure and TiO, activity, then the temperature
range for the average Ti content of 116 ppm would be 809—
890 °C (ap;o, of 0.6 and 0.35, accordingly). At lower pres-
sures (1.5 kbar), the temperature range would be reduced
to 785-865 °C. At the maximum Ti observed in the upper
AVT (196 ppm), the potential temperature range (at 2 kbar)
would be 888-981 °C (ay;g, of 0.6 and 0.35, accordingly).

Based on average Ti concentrations in quartz, the upper
AVT would be approximately 100 °C hotter than the lower
AVT and individual quartz crystals within the upper AVT
record a larger temperature range. The range in temperature
and abrupt CL changes emphasizes that the quartz from
the upper tuff experienced significant changes in magmatic
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conditions. Repeated reheating and mixing within the
upper AVT magma body could have contributed to the CL
zoning observed (terminations and overgrowths). A tem-
perature increase greater than 50 °C could have provided
the necessary overpressure inside melt inclusions to cause
fracturing (Bindeman 2005), and these grains could have
later become overgrown.

These estimated temperatures also demonstrate that the
temperature of the lower AVT is significantly less than that
of other rhyolites of the Picabo volcanic center, which have
an average pre-eruption temperature of 850 °C (Drew et al.
2013) similar to other hot and dry rhyolites of the Snake
River Plain (Cathey and Nash 2004). The large ~100 °C
temperature difference between the lower and upper tuffs
is greater than that observed within the Bishop Tuff (ca
100 °C or 710-810; Hildreth 1979; Bindeman and Valley
2002; Wark et al. 2007), and likely cannot have existed in
the same magma system without convection, vertical mix-
ing, or conductive decay. This temperature range further
supports the interpretation that the upper and lower AVT
originated from two temporally and/or spatially separated
magma bodies or eruptions.

Evidence for two separate magma bodies and their
state at the time of the eruption

Several lines of evidence reinforce the conclusion that the
upper and lower AVT represent two temporally and/or spa-
tially separated magma bodies.

This evidence includes:

1. Distinct differences in the trace element and major ele-
ment concentrations of the interstitial glass and melt
inclusions of the upper and lower AVT (Fig. 2).

2. Distinct Sr and Nd isotopic values between units
(0.72520-0.71488; Drew et al. 2013).

3. Subtly distinct 3'%0,,,,, values (7.9-8.3 %o).

4. Large differences in temperature, which are impossible
to sustain in a single magma chamber (A'80 and
Ti in quartz).

qtz-mg

The major element whole-rock and interstitial glass
chemistry, oxygen and strontium isotopes, and Ti concen-
trations in quartz of the upper and lower AVT represent
major differences between the two erupted tuffs. In addi-
tion, many of the melt inclusions in the upper AVT are
lower-silica rhyolites and contain less fractionated major
element compositions and lower F concentrations than the
lower AVT, with only a few inclusions that trend toward the
F concentrations of the lower AVT. The interstitial glass of
the upper AVT largely falls in the range of the trace element
composition of other SRP rhyolites (Fig. 8). In contrast, the
magma of the lower AVT represents a highly fractionated
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“off axis” wet and lower-temperature rhyolite composition,
whereas low-F portions of the upper AVT are more similar
to SRP-type, hot and dry rhyolite. However, all units in the
AVT are more hydrous than typical SRP rhyolites, as dem-
onstrated by the occurrence of biotite.

The isotopic and chemical characteristics of the lower
AVT demonstrate that the magma bodies evolved sepa-
rately. Samples of the AVT collected elsewhere in this
region of the SRP are also consistent with two separate
eruptions, specifically Ar-Ar dating interpretations by
Anders et al. (2014) (lower AVT: 10.41 Ma and upper AVT
10.22 Ma). After eruption of the lower AVT, it is possible
that the upper AVT magma mingled with the lower AVT
residuum at depth. Since the upper AVT is higher tem-
perature, quartz recycled from the lower AVT (with lower
Ti quartz) would undergo resorption leaving little direct
evidence for magma mingling, other than the CL textural
evidence of resorbed quartz. However, a more extensive
dataset for upper AVT melt inclusions would be needed to
investigate this association.

Comparison with other rhyolites from different tectonic
settings

To highlight the distinct chemical features of the AVT
melt inclusions, we have compared their compositions,
including F and CI concentrations, to that of the following
contrasting silicic systems: (1) stratified magma bodies:
Bishop Tuff quartz-hosted rhyolitic melt inclusions (Wal-
lace et al. 1999; Roberge et al. 2013; Anderson et al. 2000)
and subduction-related Crater Lake plagioclase-hosted melt
inclusions (Bacon et al. 1992; Wright et al. 2012); and (2)
“intraplate, A-type” rhyolites: Mesa Falls Tuff of Yellow-
stone (Gansecki 1998), Almeev et al. (2012) experimental
determinations of the Bruneau Jarbidge rhyolites, reho-
mogenized (Agangi et al. 2012) and rehomogenized topaz
rhyolite melt inclusions (Mercer et al. 2015), and topaz
rhyolite whole-rock data (Christiansen et al. 2007). We
only discuss slow-diffusing elements from the rehomog-
enized inclusions (F, Cl, Rb, Nb, Ce) due to the possible
effects of hydrogen diffusion during initial cooling and the
rehomogenization process.

The Bishop Tuff is a classic, well-studied example of
a stratified magma chamber (Hildreth 1979; Wallace et al.
1999; Anderson et al. 2000; Roberge et al. 2013; Hildreth
and Wilson 2007; Chamberlain et al. 2015), and therefore
serves as a means to compare the chemical signatures of
zoned magma chambers, although there are contrasting
views by Gualda and Ghiorso (2013). The H,O contents
(2.4-6.4 wt%) of the glassy lower AVT quartz-hosted rhy-
olitic melt inclusions extend to high values that are similar
to the Bishop Tuff melt inclusions (Fig. 3; Wallace et al.
1999; Roberge et al. 2013), but are higher than what is
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expected for the hot and dry, densely welded rhyolites con-
sidered typical of the SRP (1-3 wt%; Almeev et al. 2012).
The similarity of these water contents is reinforced by the
(lower) temperature agreement between the lower AVT and
Bishop Tuff (estimated from Ti-in-quartz and AISOqZ_mt).
Although the lower AVT melt inclusions have similar over-
lapping major element compositions with the Mesa Falls
Tuff and Bishop Tuff, they have contrasting trace element
trends especially for REEs and LILEs (Figs. 6, 7). Most
notably, the lower AVT melt inclusions have F concen-
trations that are an order of magnitude greater than that
of both the Bishop Tuff and Crater Lake volcanics, and
comparable to that of other high-F topaz rhyolites found
worldwide (Christiansen et al. 1984, 2007; Burt et al. 1982;
Mercer et al. 2015). The major element composition of the
upper AVT differs from the Bishop Tuff and Mesa Falls
Tuff, specifically in Na,O, MgO, Al,O;, and K,O. The
upper AVT also has more heterogeneous major element
compositions than the lower AVT, the Bishop Tuff and the
Mesa Falls Tuff. However, the Cl and F concentrations of
the upper AVT, although heterogeneous, overlap with the
Bishop Tuff and Mesa Falls Tuff, but extend toward more
enriched lower AVT melt inclusion populations.

The high F in the rhyolitic melt inclusions of the AVT
suggests an inherent similarity to topaz rhyolites. Topaz
rhyolites contain quartz, sanidine, Na-plagioclase, and
accessory fluorite and occasionally topaz (Christiansen
et al. 2007). The AVT has a similar mineralogy, and Trim-
ble and Carr (1976) reported topaz, which likely formed by
vapor phase crystallization, in the lower AVT in regions
near the American Falls reservoir. Characteristics typical of
topaz rhyolites include high F concentrations in glass
(0.2-2 wt%), enriched lithophile elements, flat REE pat-
terns with negative Eu anomalies, F/CI ratios >3, high Fe/
Mg, low fO, (near the QFM buffer), A-type granite chemi-
cal compositions, and low, near-solidus crystallization tem-
peratures of ~650-700 °C (Christiansen et al. 2007)."! The
trace element concentrations of the lower AVT melt inclu-
sions demonstrate overlapping characteristics with topaz
rhyolites (Figs. 5, 6, 7, 8). More specifically, comparison of
the geochemistry of the lower AVT melt inclusions and
topaz rhyolites demonstrates that the lower AVT melt inclu-
sion glass trends toward the more evolved Wah Wah topaz

! Topaz rhyolites have been associated with the northern segments of
the Rio Grande Rift (Wegert et al. 2013), opening of the Nevada rift
(Stewart et al. 1975; Zoback and Thompson 1978; John et al. 2000),
extension in the Great Basin (Zoback et al. 1981), detachment fault-
ing in western Arizona (Suneson and Lucchitta 1983), and back-
arc graben formation (Armstrong 1978). Christiansen et al. (2007)
stresses the spatial and temporal association of topaz rhyolites with
both extension and previous subduction-related calc-alkaline magma-
tism.

rhyolite compositions (Christiansen et al. 2007). The lower
AVT whole-rock data and interstitial glass also overlap the
topaz rhyolites for many trace elements (Fig. 8), with the
exception of elements such as Nb and Rb that would be
affected by the presence of late-stage accessory phases.

Mass balance of the volatile budget with isotopic
and chemical constraints

The whole-rock ¥Sr/*Sr and '**Nd/'**Nd isotopic data of
Drew et al. (2013) coupled with melt inclusion H,O, CO,,
F, Cl, and trace element constraints from this study have
enabled us to assess the mantle and crustal sources and
the processes that contribute to rhyolite generation. We
first investigate the feasibility of generating rhyolites with
incompatible element enrichments, especially F, through tra-
ditional mechanisms of crustal melting and fractional crys-
tallization. Whole-rock, interstitial glass, and melt inclusion
glass compositions provide insight into the evolving melt
chemistry. A previous Sr and Nd isotopic mass balance for
the AVT by Drew et al. (2013) demonstrated that ~50 %,
by mass, of the AVT is derived from upper Archean crust,
providing isotopic constraints on the geochemical evolu-
tion. Below we consider potential sources for H,O, F, and
Cl using trace element crustal compositions (Rudnick and
Gao 2003) and basalt compositions (McDonough and Sun
1995; Michael and Cornell 1998). There is a great deal of
diversity of volatile contents in the crust and basalts depend-
ing on the lithology and source of melting; however, we use
these compositions as a first-order approximation for frac-
tional crystallization and crustal batch melting calculations.

Sources for water

Our AVT melt inclusion data include the highest H,O values
(up to 6.5 wt%) reported for the SRP so far. The Sr—Nd iso-
topic constraints by Drew et al. (2013) show that 50 % of the
AVT was derived from crustal melting. Dehydration melting
of Archean granulite or amphibolite requires a high melt frac-
tion for melt segregation (e.g., Wickham 1987); however, at the
required high melt fractions, crustal melts only contain ~1 wt%
H,0O (Patifio Douce and Beard 1995; Thompson 1982; Cle-
mens 1990). Therefore, it seems likely that much of the H,O
in the lower AVT magma ultimately came from differentiates
of mantle-derived basaltic magma, which would also provide
the necessary heat for crustal melting. Partial melting (5 %) of
enriched mantle can produce basaltic melts with 1 wt% H,0,
and extensive fractional crystallization of these could produce
derivative melts with 4 wt% water after 75 % crystallization. At
a basaltic differentiate and crustal melt ratio of approximately
1:1, as is indicated by 87Sr/%0Sr and Nd/'**Nd (Drew et al.
2013), the resulting hybrid magma would contain ~3 wt% H,0,
with basaltic differentiate contributing 2.5 wt% of this total and
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crustal anatexis contributing 0.5 wt%. Therefore, more frac-
tional crystallization is required to reach the observed maxi-
mum 6.5 wt% H,0O. More complex, multistage models involv-
ing repeated episodes of differentiation of basaltic magma, or
multiple stages of crustal melting, crystallization, and storage
of high water contents in interstitial melt within mushy batches
could also lead to the higher observed H,O contents.

Sources of F and Cl

Even if F is completely incompatible during partial melt-
ing, crustal melts would still only reach a concentration of
1100 ppm (50 % melting; initial concentration of 557 ppm in
the upper crust; Rudnick and Gao 2003). Through vapor-absent
melting experiments, Skjerlie and Johnston (1992) demon-
strated the possibility of forming F-rich rhyolitic melts with
up to 0.31 wt% F by melting Archean tonalitic gneiss contain-
ing biotite and amphibole. We consider their experiment to be
a realistic upper limit for F concentration by single-stage par-
tial melting of the Archean crust. However, as noted above,
it is physically difficult to segregate small melt fractions dur-
ing crustal melting, and we consider a critical melt fraction of
30-50 % for efficient extraction of melt from the residuum
(Wickham 1987). The inability to produce high F through the
melting of typical or average Archean crust [even with crust
containing two times the F composition reported by Rudnick
and Gao (2003)] suggests other source rocks or processes (e.g.,
fractional crystallization) are necessary to concentrate F to such
a high degree. Furthermore, a distinctive feature of the lower
AVT melt inclusions is the strong enrichment of F relative to
Cl (Fig. 5). Christiansen et al. (2007) suggested that the crys-
tallization and solidification of mafic plutons in the crust could
provide a mechanism to fractionate F from Cl. During plutonic
solidification, F is incorporated into amphibole and/or biotite,
but Cl is mostly lost to a fluid phase, creating an enriched crus-
tal source with high F/CI that can be later remelted.

While extreme mantle magma differentiates can in the-
ory explain high H,O, F, and incompatible element concen-
trations, 98 % differentiation and mechanical extraction of
a siliceous melt is mechanically and rheologically difficult
and contradicts our isotopic constraints that require sub-
stantial involvement of Archaen crust. Fractional crystalli-
zation also does not fractionate Cl from F enough to pro-
duce an order of magnitude difference in composition.

Single differentiating magma body versus multistage
magma generation

We first consider a pair of single, differentiating upper crustal
magma bodies (corresponding to the upper and lower AVT)
formed by direct anatexis of the Archean upper crust by the
heat, and using the elemental inventories added by differen-
tiating basalt. Considering that both Nb and Rb are two of
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the most incompatible elements in the system, approximately
80 % fractional crystallization is required to produce the
lower AVT melt inclusions from a low silica rhyolite (Fig. 8).
This is greater than the 60—70 % fractional crystallization
reported by Mercer et al. (2015) for the Hideaway Park Tuff
topaz rhyolite. We consider 80 % fractional crystallization
unrealistic because of the large volume of crystal mush that
would remain in the upper crust following eruption (10° km?).
Volcanism at the Picabo caldera complex continued for ~4
million years after eruption of the AVT (Drew et al. 2013),
and none of the subsequent eruptions share any of the unique
isotopic and chemical characteristics of the AVT, making it
unlikely for a large-volume residue to have remained in the
crust. Additionally, a mush of this magnitude with remark-
ably radiogenic isotopic Archean crustal signatures would
require a larger basaltic source and cumulate.

For generation of the F and incompatible trace element-
enriched signature, a one-stage crystallization event would
require ~98 % crystallization from basalt (starting composition
of 210 ppm F; Michael and Cornell 1998), inhibiting melt
extraction. Therefore, we present a model of a ramping up
magmatic cycle. This multistage distillation model includes
both mantle and crustal inputs, which initially mix to create
isolated silicic lenses in the middle to upper crust with an
enriched isotopic and trace elemental signature. Remelting of
these lenses by further intrusion of basaltic differentiates,
extraction of melt, fractional crystallization, and solidification
of new lenses could occur in multiple stages to produce the
enriched volatile, chemical, and isotopic composition of the
AVT. A mass balance using batch melting and fractional crys-
tallization calculations demonstrates that at least three stages of
50 % batch melting (of the crust and subsequent differentiates),
mixing with differentiate of 25 % fractionally crystallized
basalt, and solidification is required to reproduce the F, Cl, H,0
and Nb concentrations observed (Fig. 10). Additionally, up to
75 % fractional crystallization could occur in the final magma.’

This multistage generation mechanism (Fig. 11) would be
facilitated by previous melting of the Archean crust to frac-
tionate F and Cl and specifically create a composition enriched
in F relative to Cl. Skjerlie and Johnston (1992) demonstrated
that by biotite dehydration melting, fluorine-rich melt (up to
0.31 wt%) could be generated. However, the F/CI ratio of the
crust is still insufficient to fractionate F from ClI to the extent
observed in the lower AVT. Therefore, repeated melting of
solidified intrusions is necessary to further fractionate F from
Cl. During solidification, F is largely retained in amphibole

2 This mass balance assumes a crustal composition for F, Cl, H,O
and Nb (564 ppm, 310 ppm, 0.5 wt%, and 9 ppm, accordingly) and
partition coefficients (0.2, 0.00001, 0.1, and 0.3, accordingly) and a
basaltic composition (210, 80 ppm, 1 wt%, and 2.2 ppm, accordingly)
and partition coefficients of 0. During solidification it is assumed that
all F and Nb is retained in crystallizing phases, 10 % of the Cl and
0.5 wt% H,O0 are retained and the rest is lost to the fluid phase.
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Fig. 11 Generation of the AVT magma bodies through multiple (at
least three) episodes of magma injection, crystallization, solidifi-
cation, and remelting. Throughout this process, a steady increase
in differentiation occurs as incompatible elements are continually
extracted during successive stages of remelting of differentiates lead-
ing to progressive distillation. Earlier melting of the crust provided an
initial means to fractionate Cl and F. Magmatic systems of both the

and biotite, but Cl is mostly lost to exsolving fluids. Remelt-
ing also needs to be coupled with fractional crystallization to
further enrich the extracted high F melt with other incompat-
ible trace elements. In a sense, this model builds on the model
of Christiansen et al. (2007) used to explain the formation of
topaz rhyolites in the western USA.

After several episodes of partial melting of magmatic intru-
sions, fractional crystallization and melt extraction the melt
inclusions are entrapped in the host quartz, and the quartz con-
tinues to undergo heating and breaking during magma mixing
episodes, mush formation and reentrainment, and/or convec-
tive circulation in a magma body to produce the observed CL
patterns. Unlike subsequent rhyolites in the Picabo volcanic
field that are related to recycling of intracaldera tuffs in caldera
complexes and have low-8'30 signatures, we envision that
the formation of the AVT and other chemically similar rhyo-
lites formed during the initiation of individual caldera clusters
(Fig. 11) and involve prolonged, mid-crustal, low-melt pro-
duction intrusion and differentiation episodes.

Stage 2: Entrapment of melt
inclusions (highly fractionated
composition)

o

500 pm

Stage 1: Formation of
quartz cores and resorption
textures

upper and lower AVT are shown; however, these systems could not
be active contemporaneously since these units are interpreted to rep-
resent two separate eruptions. Quartz phenocrysts from the lower and
upper tuff and corresponding CL zones are shown to emphasize the
changes in size and Ti concentration. The upper AVT is generated in
close spatial and temporal proximity to the lower AVT enabling reen-
trainment of quartz phenocrysts

Concluding remarks and implications for the
initiation of caldera complexes in the SRP

The Yellowstone hotspot track has produced an abundance
of hot, dry, and densely welded silicic volcanic rocks pre-
served as caldera clusters in the eastern SRP, but occa-
sional more hydrous and lower-temperature eruptive units
from the initial eruptions at individual caldera clusters have
been produced as well. The AVT and first-order chemical
and isotopic similarities to the Jarbidge Rhyolite, Huck-
leberry Ridge Tuff-Member C, and Blacktail Creek Tuff
demonstrate that these initial eruptions provide additional
insight into rhyolite generation during caldera cluster ini-
tiation. These units herald the early ramping up stage of
caldera cluster volcanism with greater crustal contribution
and lower mantle plume output. Typically, these eruptive
products can be poorly exposed due to burial by subsequent
volcanic activity, and since their plutonic equivalents were
likely cannibalized by subsequent crustal melting during
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repeated caldera-forming eruptions. However, in this study
pumice clasts from the fallout tuff of the AVT were pre-
served providing the opportunity to study the geochemistry
of glassy quartz-hosted rhyolitic melt inclusions in the con-
text of isotopic constraints.

The major element chemistry of the upper and lower
AVT melt inclusions, trace element geochemistry of the
interstitial glass and whole-rock, O and Sr isotopic differ-
ences and temperature differences determined from Ti in
quartz and A'80(Qz-Mt) demonstrate that the upper and
lower AVT represent two separate eruptions, temporally or
spatially separated. This conclusion is in agreement with the
“0Ar/*° Ar populations observed for the lower and upper AVT
by Anders et al. (2014) (10.41 and 10.22 Ma, respectively).
The large range in Ti concentrations of the upper AVT and
overlapping isotopic and trace element characteristics with
the lower AVT suggest possible reentrainment of lower AVT
residuum during evolution of the upper AVT magma.

Chemical data from rhyolitic melt inclusions in the
framework of CL imaging and Ti measurements of the
host quartz from the fallout of the AVT coupled with iso-
topic constraints elucidate the mechanism by which lower-
temperature, high-H,O (up to 6.4 wt%), high-F (up to
1.38 wt%), and incompatible element-rich rhyolites can be
generated in the SRP. For generation of the high-F/Cl and
trace element-enriched signature of the lower AVT, we pre-
sent a model of a ramping up magmatic cycle because a
one-stage crystallization event would require greater than
90 % crystallization, inhibiting melt extraction. This distil-
lation model includes both mantle and crustal inputs, which
initially mix to create enriched isotopic and trace elemen-
tal signatures in the middle to upper crust forming isolated
silicic lenses. Repeated rejuvenation and differentiation
coupled with remelting of solidified magmatic intrusions
leads to multistage remelting/crystallization of already
sequestered silicic melt bodies emplaced in the crust to pro-
duce the enriched volatile and chemical composition of the
AVT.

This study emphasizes that the lower AVT is similar
to topaz rhyolites and highly radiogenic and/or high H,O
rhyolites in the SRP, such as the Jarbidge Rhyolite, Huckle-
berry Ridge Tuff-Member C, and Blacktail Creek Tuff. The
AVT is generated by an increasing magma influx from the
onset of plume impingement followed by multi-stage frac-
tional crystallization, crustal melting, and melting of solidi-
fied magma injections (at degrees greater than 30-50 %),
occurring in the middle to upper crust without intracaldera
rhyolite recycling and formation of low-3'%0 signatures.
First-order similarities of the AVT to the other units repre-
senting caldera cluster initiation at a new location demon-
strate that this model for generating the AVT has implica-
tions for caldera cluster initiation throughout the SRP.

@ Springer
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